The ACRU agro-hydrological modelling system was set up to simulate the impacts of climate change on the hydrological responses of the 3856-km 2 Cline River watershed, the major headwater of the upper North Saskatchewan River basin in central Alberta, Canada. The physical-conceptual ACRU model was set up to simulate all elements of the hydrological cycle on a daily time step for the 1961-1990 baseline period, to serve as the basis for later climate change impact simulations. After parameterization, the output from the ACRU model was verified against temperature, snow water equivalent, glacier mass balance, potential evapotranspiration, and two sets of long-term daily streamflow records. The multi-variable verification analyses were implemented to instil confidence that the simulated streamflow time series is based on a realistic combination of bio-physical parameters and represents the watershed behaviour in terms of annual water yields, seasonality, shape and magnitude of the hydrographs, and streamflow variability.
INTRODUCTION
Throughout the province of Alberta there is increasing demand for water due to population growth, agriculture, industry, and the energy sector (Sauchyn and Kulshreshtha 2008) . However, the availability of future water resources is uncertain due to the hydrological impacts of climate change. Recent studies have shown that declining streamflows are expected to reduce water availability for irrigation, industrial and domestic use, as well as hydroelectric power generation (Gan 1998 , Rood et al. 2005 , Byrne and Kienzle 2008 , Sauchyn and Kulshreshtha 2008 . Expected impacts include decreased snow accumulations and associated earlier spring runoffs, increased winter and decreased summer and late fall streamflows, and decreased glacial melt contributions (Burn 1994 , Gan 1998 , Demuth and Pietroniro 2003 , Lapp et al. 2005 , Sauchyn and Kulshreshtha 2008 . Therefore, the understanding of watershed balances is essential for current and future water resources planning. This research focuses on the estimation of the impacts of climate change on streamflows in the Cline River watershed, the headwater watershed in the upper North Saskatchewan River basin (UNSRB). The Cline River watershed contributes approximately 40% of the streamflow that flows through Edmonton in the North Saskatchewan River.
Hydrological models, coupled with climate change projections, are the best tools available to determine hydrological impacts of climate change in a region, as they provide a framework to conceptualize and examine the relationships between climate and the elements of the hydrological cycle within a watershed (Leavesley 1994 , Xu 1999 ). Hydrological models use observed meteorological data to simulate streamflow, and are often verified using observed streamflow or other measurable hydrological variables (Rosso 1994 , Brooks et al. 2007 , Liu et al. 2009 . A model should be able to reasonably reproduce historical streamflow records, in order to be used in climate change studies, and can only be applied with confidence once the model output has been verified against observed data (Loukas et al. 2002 , Jewitt et al. 2004 . Models are simplifications of reality, but are important tools in assessing future scenarios for water management strategies, if accurately parameterized and verified (Beven 1989) . Rigorous parameterization of a model is a crucial step to avoid problems during the model verification process (Refsgaard 1997) . Parameters should be based on field data, or should be estimated within a physically acceptable range based on available data and literature sources (Kienzle and Schmidt 2008) .
The physical-conceptual ACRU agrohydrological modelling system (Schulze 1995) was chosen for this study, as it is:
(a) capable of simulating all major hydrological processes within the hydrological cycle (Schulze 2011 ); (b) has been verified extensively in a broad range of climates (e.g. Schulze 1982 , Schulze and George 1987 , Smithers and Caldecott 1993 , Kienzle et al. 1997 , Jewitt et al. 1999 , Kienzle and Schmidt 2008 , Forbes et al. 2011 ); (c) has undergone rigorous sensitivity analyses (Schulze 1995 , Kienzle 2010 ; and (d) is sensitive to perturbations in the drivers of the hydrological processes (changes in temperature, precipitation, and CO 2 ) and their feedbacks on transpiration and evaporative demand (Warburton et al. 2010) .
Another key reason for choosing the ACRU agro-hydrological modelling system for this study was that it was the only complex model with access to the entire code, enabling the research team to develop new routines required for this study, such as those described by Kienzle (2008 Kienzle ( , 2010 and Kienzle et al. (2011) . This paper presents the parameterization and verification of simulated against observed hydrological variables for the baseline period , while a follow-up paper (Kienzle et al. 2011) describes the simulation of a range of future climate conditions (2010-2039, 2040-2069 and 2070-2099) and their impacts on the hydrological regime in the Cline River watershed.
OBJECTIVES
The objective of this research was to estimate the impacts of climate change on water yield, streamflow extremes, and the streamflow regimes in the Cline River watershed, Alberta, Canada.
The objectives for streamflow simulation in the Cline River watershed are to replicate the seasonality, shape of the annual hydrographs, and annual water yield within 5% of observed streamflow data. In order to meet these objectives, hydroclimatological observations within both the Cline River watershed and the larger, upper North Saskatchewan River basin (UNSRB) are used to compare simulated with observed data. These include temperature, snow pillow and snow course time series, potential evapotranspiration, glacier melt and glacier equilibrium line, and two sets of daily streamflow time series.
STUDY AREA
The Cline River watershed is situated southwest of Edmonton, Alberta, Canada ( Fig. 1) , constituting the main headwaters of the UNSRB. For the purpose of streamflow verification, the Cline River watershed was delineated into two nested sub-watersheds, with Watershed 1 flowing into Watershed 2, which at its lower portion contains Lake Abraham, the largest hydropower reservoir in Alberta (Fig. 1) . The Cline River watershed was the focus of model parameterization and analysis; however, verification was performed for the whole UNSRB to increase regional data availability and prepare for future regional analysis. The Cline River watershed has an area of 3856 km 2 and consists of alpine, sub-alpine, and foothill landscapes located on the eastern slopes of Alberta's Rocky Mountains. Dominant land cover includes bare rock (50.6%), coniferous forest (33.0%) and glaciers (6.8%). There are no towns or agricultural activities in the watershed. The watershed ranges in elevation from approximately 1300 m at the outlet gauging station to just below 3500 m at the Rocky Mountain peaks on the continental divide. Mean annual precipitation for the Cline River watershed is 1002 mm, ranging from 1408 mm in the upper reaches to 510 mm at the outlet. Mean annual temperature is -0.8 • C, with mean temperatures of -6.2 • C in the upper reaches and 2.9 • C at the outlet. Streamflows are dominated by snowmelt and supplemented by glacial melt from the Columbia Ice Fields, Peyto, Athabasca and Saskatchewan glaciers (NSWA 2005) . Mean annual glacier contributions to Cline River streamflow are 8%, with an annual range of 0.1 to 29.2%.
METHODS

The ACRU agro-hydrological modelling system
The ACRU agro-hydrological modelling system has been developed at the School of Bioresources Engineering and Environmental Hydrology (formerly the Department of Agricultural Engineering) at the University of KwaZulu-Natal (formerly University of Natal), Pietermaritzburg, Republic of South Africa, since the late 1970s. ACRU is a multi-purpose, multilevel, integrated physical-conceptual model that can simulate total evaporation, soil water and reservoir storages, land cover and abstraction impacts, snow water dynamics and streamflow at a daily time step. The ACRU model revolves around multi-layer soil water budgeting with specific variables governing the atmosphere-plant-soil water interfaces. Surface runoff and infiltration are simulated using a modified SCS equation, which was developed by Schmidt and Schulze (1987) , where the daily runoff depth is directly linked to the antecedent soil moisture content.
Nearly all ACRU input variables are estimated from the physical characteristics of the watershed. When required variables are not available, they are estimated within physically meaningful ranges based either on the literature or local expert knowledge. Spatial variation of rainfall, soils and land cover is facilitated by operating the model in distributed mode, in which case the basin is subdivided into either sub-watersheds or hydrological response units (HRUs), each representing a relatively homogenous area of hydrological response.
The ACRU model has been considerably expanded from its original version (Schulze 1995) to include snow and glacier routines, as well as to improve the spatial and temporal representations of numerous variables. Snow processes, such as canopy interception, sublimation, metamorphosis, or change in albedo and density, are simulated in a physically explicit manner (Herpertz 2001) . The snowmelt simulation is based on either pre-determined monthly snowmelt factors, or a dynamic degree-day factor, which is determined by the model on a daily basis from incoming radiation and albedo estimates.
The ACRU model has been applied for water resource assessments (Everson 2001 , Kienzle et al. 1997 , Schulze et al. 2004 , Martinez et al. 2008 and climate change impacts (New and Schulze 1996 , New 2002 , Schulze et al. 2004 , Forbes et al. 2010 , Kienzle et al. 2011 , and often requires extensive GIS preprocessing (Kienzle 1993 . The conceptual structure of ACRU is shown in Fig. 2 .
Creation of a digital elevation model (DEM)
At the time of the study, the only DEM available was from the Shuttle Radar Topography Mission (SRTM), with a grid-cell size of approximately 75 m. This DEM had major errors and discontinuities within the alpine region of the study area, making it unusable for further GIS analyses. Therefore, a new DEM was created, using 1:50 000 topographic map sheets from the National Topographic System of Canada. The "Topo to Raster" tool (ESRI 2008) was used to create a 100-m resolution DEM of the study area from contour lines and elevation point data from each of the 36 map sheets. The topographic map sheets also contained river layers, which were used to further improve the DEM to ensure that the watershed delineation would be consistent with the actual stream network.
Delineation of watersheds and HRUs
The Cline River watershed was divided into two watersheds by using the location of the Water Survey of Canada (WSC) gauging stations. Delineating these watersheds allowed the model to be run on each of the watersheds individually for verification purposes. Each watershed was further divided into hydrological response units (HRUs), which are distributed, relatively homogeneous bio-physical units that are assumed to have similar hydrological characteristics and response (Flügel 1995) . The HRUs were delineated based on 100-m elevation bands, nine land cover classes, four mean annual radiation classes, and watershed boundaries. GIS overlay analysis was performed using these four data layers, which resulted in 308 HRUs, with an average planimetric HRU area of 12.5 km 2 .
Each HRU was parameterized to have a unique combination of hydrological variables, most of which were derived by GIS overlay analysis. The area of each HRU was calculated based on its true, sloped area, as the planimetric area derived from ArcGIS is under-estimated in steeply sloped terrain. In order to preserve the original precipitation volume, the precipitation depth is reduced for each HRU according to the same factor that the area is increased. Due to the steep slope of the Cline River watershed, the areaunderestimation by using the planimetric areas would have been 9.8%, which would have affected interception volumes, soil moisture storages, groundwater recharge rates, actual evapotranspiration volumes, and runoff coefficients (Kienzle 2010) .
Parameterization of the ACRU Model
Climate data In order to model impacts of climate change, a base period of 1961-1990 was used, as it is assumed that it has not been significantly impacted by climate change (Diaz-Nieto and Wilby 2005, Sauchyn and Kulshreshtha 2008) . Climate data were accessed through the Environment Canada Meteorological Service (Environment Canada 2008) . Within the vicinity of the Cline River watershed, three stations had 30 or more years of mostly complete data, which were required in order to create complete daily time series of climate inputs to drive the model. As none of the stations had complete daily records for the 1961-1990 time period, infilling the missing station data was required for each of the three stations by means of regression analysis, using monthly normals for both precipitation and temperature time series.
Monthly normal climate surfaces are needed to calculate precipitation and temperature correction factors for each of the HRUs. As the climate data in the study area were too sparse and incomplete to be able to interpolate a meaningful climate surface, the Parameter-elevation Regressions on Independent Slopes Model (PRISM), developed by Daly et al. (1994 Daly et al. ( , 2003 Daly et al. ( , 2008 , was used.
The 1971-2000 monthly normal PRISM surfaces of minimum and maximum temperatures and precipitation, at a 2-km resolution, were available. Temperature and precipitation values from the PRISM surfaces were verified against station values from long-term climate stations in the UNSRB. All stations correlated well with a coefficient of determination ranging from 0.996 to 0.904, with an average of 0.989. However, as all climate stations used to create the PRISM surfaces are situated in valleys, high elevation precipitation values exhibit a high level of uncertainty. Further uncertainties exist due to the inaccuracies, experienced by the authors, of the seasonality of PRISM precipitation surfaces along the eastern slopes of the continental divide, a result of the over-estimation of the influence of a more maritime dominated climate observed on the western slopes of the continental divide. Consequently, the PRISM derived precipitation values could only provide initial approximations, which potentially required subsequent seasonal adjustments to match the observed seasonality of streamflows.
Precipitation In order to account for spatial differences between a climate station used to "drive" the model and each HRU, ACRU corrects daily precipitation values. Monthly precipitation correction factors are based on a ratio between the 1971-2000 climate normals observed at the base station and the mean PRISM precipitation value for each HRU, and are then internally transformed to daily values through a Fourier transformation. Precipitation inputs are further corrected based on the size of the watershed, as precipitation measured at a point should not be transferred to an entire watershed without adjustment. This is especially true during the summer months, when convective precipitation events result in localized, high intensity precipitation events. Although the individual HRUs are relatively small, the climate of a watershed of approximately 20 000 km 2 is represented by only three climate stations, where the daily observed precipitation is used as input into a large area. Therefore, before the monthly precipitation correction factors established for each HRU are applied, the daily precipitation events are reduced by an areal precipitation reduction factor (ARF). Here the ARF is calculated using a logarithmic function of the daily precipitation depth and the size of the watershed represented by a climate station. For example, a watershed of 7000 km 2 in size, would result in the reduction of about 10% for events of 20 mm d -1 , 25% for events of 40 mm d -1 , 50% for events of 75 mm d -1 , and 67% for events of over 100 mm d -1 . In order to preserve the annual precipitation depth, all daily values were increased to balance the few large events annually that were reduced. Therefore, large precipitation events measured at the climate station were prevented from creating unrealistically high flood events.
Temperature Regional mean monthly lapse rates for maximum and minimum temperatures were initially calculated from the monthly maximum and minimum temperature PRISM surfaces and mean elevation for each HRU. Initial simulations in the glaciated watershed showed that the magnitude of the mean daily lapse rate was too high, as only HRUs at very low elevations produced any glacier melt in Peyto Glacier, for which detailed glacier mass balance data were available (WGMS 2009). Maximum temperature lapse rates were, therefore, lowered so that the elevations of simulated glacier melt matched the observed. The resulting lapse rates were in agreement with those reported by Shea et al. (2009) .
To account for the differences in temperature between HRUs receiving different amounts of radiation due to exposition and shading effects, the daily lapse-rate derived temperatures were adjusted based on net radiation for each HRU, resulting in increased temperatures on south-facing slopes and decreased temperatures on north-facing slopes (Kienzle 2010) . The rate of temperature change is a function of the daily temperature range. In addition, daily ground temperatures were adjusted according to the function of the leaf area index (LAI), as suggested by Glassy and Running (1994) . As the LAI varies seasonally, it is changed on a monthly basis. LAI data were obtained from MODIS (Moderate Resolution Imaging Spectroradiometer) satellite images that were downloaded from the National Snow and Ice Data Center (NSIDC 2009). The result of these complex calculations is that each combination of elevation, slope, location, and land cover has a unique set of daily minimum and maximum temperatures.
Land cover data Land cover information is based on the Circa 2000 Land Cover data set, a generalized land cover map developed by the National Land and Water Information Service from multispectral Landsat satellite imagery for the agricultural extent of Canada (NLWI 2008) . From this data set, seven land cover classes were used for this study: water/wetlands, bare rock, shrubland, grassland, coniferous forest, deciduous forest, and mixed forest. As glaciers and large lakes were not part of the original Circa 2000 Land Cover data set, polygons of glaciers and lake polygons were added to the land cover GIS database, resulting in a total of nine land cover classes. Each land cover class is associated with monthly hydrological variables, such as albedo, rooting depth, plant transpiration coefficient, and coefficient of initial abstractions, which is a fraction of the precipitation and represents surface storage and initial infiltration before runoff commences.
As no observed albedo values were available, literature values for monthly albedo values for each land cover were used as model inputs (Brutsaert 1981 , Gerrard 1990 , Pomeroy and Dion 1996 , Ahrens 2006 . During winter months, albedo values are modified daily as a function of snow cover. After fresh snowfall, the albedo is set to 0.80, after which it decreases by 1.5% d -1 until it reaches 0.60. After the snow depth declines to 75 mm, the albedo decreases rapidly, as an increasing proportion of the land surface is assumed to be snow free.
Model inputs for rooting depths for each land cover were based on published values (Strong and La Roi 1983 , Jackson et al. 1996 .
No reliable estimates of plant water use for vegetation present in the study area were available in the literature. Therefore, plant transpiration coefficients (PTCs) were calculated for the most prevalent land cover classes. Values for PTCs were calculated from observed meteorological and flux data from grassland, aspen forest, and coniferous forest sites from Fluxnet Canada (2010) , and AmeriFlux (2010) flux towers in Alberta, Saskatchewan, and Colorado, USA, respectively. These stations were used as they were the most representative of the vegetation in the Cline River watershed. Measured latent heat flux data from each station were used to calculate the actual evapotranspiration (AET) for each site, using the following equation (Hornberger et al. 1998) :
where AET is evapotranspiration rate (m s -1 ), E l is latent heat flux (J m -2 s -1 ), ρ w is the density of water (kg m -3 ), and λ v is the latent heat of vaporization (2.45 × 10 6 J kg -1 ). Meteorological data at each site were used in the Penman-Monteith equation to calculate potential evapotranspiration (PET). Canopy height and latitude of the sites were included as part of each calculation. The stomatal resistance value was set to "1" for each of the three sites to essentially eliminate stomatal resistance and control on calculated PET values. The AET was then divided by the PET value for each month to give a monthly PTC for grasslands, deciduous forest, and coniferous forest. Shrubland was estimated by taking a ratio of average monthly values for grassland and deciduous forest, and mixed forest was based on the average values of deciduous and coniferous forest. Seasonality and magnitudes of calculated PTCs are shown in Fig. 3 .
Percentages of forest canopy coverage were derived from both field measurements in the southern part of the watershed (Visscher et al. 2004) and from the Alberta Vegetation Inventory (AVI), which is a photo-based inventory supported with air and ground observations (Government of Alberta 2009).
Seasonal changes of LAI are used in ACRU to simulate changes in plant evaporation and canopy interception. The latter is estimated using the Von Hoyningen-Huene method (Schulze 1995 Soil data ACRU requires soil texture and depth information for both the A and B horizons. If not available, the porosity, wilting point (lower limit), field capacity (upper limit), the fraction of water redistributed from A and B horizons, and from B horizon to groundwater store can be estimated from the texture information, using internal look-up tables in ACRU (Schulze 1995) . There exists considerable uncertainty with soils information, especially in mountainous regions, due to very sparse soils data. A 1:50 000 soils map of a mountain park area within the UNSRB was obtained from Parks Canada, which included the dominant soil type for each land cover polygon. Published soil surveys and journal articles were also used as guides to facilitate the realistic estimation of soil types and soil depths, and their association with land cover (Peters and Bowser 1960, Pettapiece 1971; Peters 1981) . The acquired soils data were compiled in a GIS, where a regression analysis was performed between the available soil parameters and land cover. This resulted in GIS soil layers with representative, but generalized, soils data, including texture with percent sand, silt, and clay, and soil depth for both A and B horizons. Using the percent sand and clay values, soil textures were assigned to each land cover type. Finally, soil texture and depth for the A and B horizons were determined for each HRU. Based on the scarcity of soils information, the quality of these estimates remained uncertain.
Evapotranspiration Evapotranspiration takes place from several principal water storages, including intercepted snow and rain, snowpack, the soil and rock surfaces, and transpiration by plants. Daily actual evapotranspiration is determined using the internally pre-determined reference evaporation and monthly PTCs for each land cover type. The amount of transpiration from the A and B horizons is controlled by the proportion of roots within the two horizons, which can vary seasonally. Soil water in excess of the permanent wilting point is considered available for transpiration by plants (Schulze 1995) .
In order to apply the Penman (1948) evaporation method, daily climate data are required, including daily minimum and maximum temperature, relative humidity, wind, incoming solar radiation, sunshine hours and precipitation. The physically based Penman method for reference evaporation was used at a daily time step. The mass transfer component of the Penman equation describes the change of vapour from a vegetated surface (Schulze 1995) . Saturated vapour pressure is empirically related to observed mean air temperature using the Tetens (1930) equation . Daily shortwave radiation and monthly mean potential sunshine hours were calculated for each HRU by first calculating daily shortwave radiation for each base station using the Area Solar Radiation tool in ArcGIS (ESRI 2008) . The radiation calculation required monthly atmospheric transmissivity and diffuse radiation values, which were estimated using values from the nearest climate stations that recorded them.
A 30-year time series of observed daily wind and relative humidity was compiled by infilling data from a nearby climate station with adequate data. Daily relative humidity data from six stations in the study area with short term data were used to interpolate monthly surfaces for relative humidity. Snow In order to accurately model magnitudes and timing of streamflow in the study area, snow fall, snow pack and snowmelt needed to be simulated dynamically and realistically. The threshold temperature that determines whether precipitation falls as rain or snow, as well as the temperature range within which a proportion of precipitation falls as rain, were calculated for each HRU, based on its average elevation and an empirical equation developed for the study area (Kienzle 2008) , which is based on a curvi-linear relationship between mean daily air temperature and the proportion of precipitation that falls as snow. Snow canopy interception and melt, snowpack evolution, rain on snow events, snow density and the area covered by snow during the last phase of snow are simulated in a physically explicit manner.
The snowmelt simulation is based on an empirically derived dynamic degree-day factor, which is determined on a daily basis from incoming radiation and albedo estimates.
In ACRU, snow water equivalent (SWE) is simulated differently in forested HRUs than in nonforested HRUs. When an HRU is predominantly forested, canopy interception and losses, changes in albedo values, net radiation, and temperature are calculated in a forest-specific way.
Glaciers A simple glacier mass balance model was used for this study, which requires a dynamic glacier melt factor and an estimation of the initial mean glacier depth per HRU. The glacier melt factor is calculated from the dynamic snowmelt factor increased by a factor of 2.5. This value was calibrated based on that proportion of summer streamflow produced by Watershed 1 that could not be explained by rain events and baseflow contributions, and is in agreement with observed ratios between glacier melt and snowmelt factors (Comeau et al. 2009 , Shea et al. 2009 ). The initial glacier depth values were based on the reported depth of glaciers in this region of the Rocky Mountains (Ommanney 2002) . Depths were used that ranged from an estimated 30 m at elevations of 1947 m to 143 m at elevations of 2245 m. From the depth and the slope corrected area of the HRU, the initial glacier volume was calculated. On an annual basis, at the end of the hydrological year on October 31, the accumulated glacier melt is subtracted, and the remaining SWE is added to the glacier volume, and both glacier area and depth are adjusted.
Streamflow ACRU determines daily streamflow from same day and delayed stormflow, baseflow, snowmelt, and glacier melt volumes. Runoff generation is based on a modified Soil Conservation Service (SCS) procedure (USDA 1985) , where runoff potential is conceptualized as a depth, and is a function of the soil's relative wetness (Schulze 1995) , conceptually representing the antecedent watershed conditions. Monthly varying coefficients of initial abstractions are used in the SCS stormflow calculations and represent the amounts of precipitation that do not contribute to the generation of stormflow, because of temporary surface storage.
Groundwater recharge occurs when the soil water store exceeds field capacity (Schulze 1995) . Recessions curves from hydrographs of two observed streamflow time series were used to derive exponential response coefficients to represent the temporal response of both surface runoff and baseflows for each of the two sub-watersheds.
VERIFICATION PROCEDURES, DATA AND RESULTS
Simulated results were verified against five observed data sources: air temperature, A-pan potential evapotranspiration and regional potential evapotranspiration maps, snowpack accumulation and melt from snow pillows and snow courses, Peyto Glacier glacial melt contributions and its equilibrium line altitude, and daily observed streamflow time series for two WSC stations (Fig. 1) . In order to reveal if the simulated hydrological variables were representative of the observed ones, a number of simulation objectives were set to assess the success of the simulations. These included the mean annual water yields, seasonal fluctuations, daily and monthly statistics, including the coefficient of determination (r 2 ), the coefficient (slope), and the intercept of the linear regression between simulated and observed values, and the difference of the variances and means. In addition, the Nash-Sutcliffe coefficient (E) was used to evaluate the model performance (Legates and McCabe 1999) .
Temperature
Observed daily maximum and minimum temperature data from ten short-term and seasonal climate stations (Environment Canada 2008) within the UNSRB were used to verify that the derived monthly minimum and maximum temperature lapse rates were realistically simulating temperatures. Between five and 42 years of observations were available, totalling 37 604 days. Figure 4 shows the seasonality of mean monthly temperatures, with good association between simulated and observed temperatures. Figure 5 (a) shows a scatter plot for simulated and observed mean daily air temperature values. The regression coefficient is less than unity, which indicates a slight under-simulation of daily temperatures. Objective measures of modelling performance for monthly mean temperatures simulated by ACRU are presented in Table 1 . Monthly temperatures are slightly over-simulated, with monthly mean temperatures being statistically not different, as indicated by the P value of 0.46 from a twotailed t test. Monthly differences between variances are low (-3.79%), indicating that periods of extreme temperatures were realistically simulated. Correlation statistics were also highly acceptable (Table 1) .
Potential evapotranspiration (PET)
Mean annual PET was estimated to be 500-600 mm in the eastern portion of the UNSRB, 600-800 mm in the central portion, and 800-1000 mm in the western, mountainous region of the UNSRB. These values are in full agreement with the Hydrological Atlas of Canada (1978) . Locally, mean annual PET values range from a low of about 200 mm, found in areas that are both in north-facing radiation shadow and that have long periods of high albedo, to a high of 1100 mm on south facing slopes with low albedo values associated with coniferous forest.
As the Penman equation is commonly used to provide better estimates than pan data (Chiew and McMahon 1991) , available A-pan data were only used to confirm that the seasonality of potential evapotranspiration was simulated correctly. The seasonality of PET values was compared against three A-pan stations approximately 100 km northeast of the UNSRB. All three A-pan stations monitored very similar values for each of the six months of observed data (May-October). Thus, monthly A-pan values were averaged for all three stations. One HRU with a similar land cover and elevation, and closest to the A-pan stations, was selected for statistical comparison. With a coefficient of determination of 0.78 and a difference in variance of 2.5% it was confirmed that the estimated seasonality was in acceptable agreement 
Snow water equivalent (SWE)
Observed snow water equivalent (SWE) data from 15 snow courses and two snow pillows in the UNSRB were used to validate simulated snowfall depths and the timing of snowmelt (Fig. 1) . Snow course and snow pillow data were provided by Alberta Environment and from the Foothills Orographic Precipitation Experiment (FOPEX) by Environment Canada (Smith 2009 ). Snow course measurements are carried out approximately once a month. Daily snow pillow time series were used to determine if the snow pack development, maximum annual SWE, and timing of spring melt were realistically simulated.
Model output was visually and statistically compared to observed data from 15 snow course and Figure 6 presents a typical comparison of simulated and observed daily SWE in terms of the magnitude of peak SWE depth and the timing of snowpack melt from a snow pillow. Characteristic time series of simulated and observed SWE time series for a snow course are shown in Fig. 7 . When compared to all observed SWE, overall SWE depths were simulated reasonably well, considering the geographical extent of the watershed, and the few climate base stations available to drive the model. Peak SWE is sometimes severely over-and sometimes severely under-simulated, while some years are well simulated. Figure 5 (b) shows a scatter plot for daily simulated and observed SWE values. The regression coefficient is less than unity, which indicates a slight under-simulation of daily SWE. The 15 snow courses had a total of 882 observations, and the two snow pillows had a total of 7625 observations, resulting in a total of 8507 days with observed data. Table 2 contains the statistical analysis for all the daily observed and simulated SWE for the snow courses, the snow pillows, and all SWE data. Daily SWE depths are slightly undersimulated, and are not statistically different for the snow courses, but are considered statistically different for the snow pillows and when all the snow data are compared together (Table 2) . Over the validation period, the simulation of high and low snowfall years is preserved, as the difference between variances is low (4.03%) when compared to all observed SWE data. Correlation statistics are acceptable when all SWE data are compared. The regression coefficient is less than unity for all SWE data groups, indicating a systematic and overall under-simulation. 
Glacial contributions to streamflow
Glacial mass balance data from Peyto Glacier were used to verify that both the average annual streamflow contributions from glacial melt and the equilibrium line altitude (ELA), the altitude where accumulation of snow is exactly balanced by ablation, were appropriately simulated. Peyto Glacier is located in the southwest corner of the Cline River watershed (Fig. 1) , and has been extensively monitored for a number of decades (Loijens 1974 , Luckman 1998 , Demuth and Pietroniro 2003 , Comeau et al. 2009 , Demuth and Keller 2009 , Shea et al. 2009 ). Observed ELA values were used to confirm the altitude of glacier melt, so that only the appropriate portion of a glacier would be simulated to melt out and contribute to streamflow. The average cumulative net balance for Peyto Glacier for the last 30 years was used to calibrate average annual glacial melt contributions from Peyto. The average snowline, which is similar to the ELA, was simulated for the Cline River watershed to average 2616 m a.s.l. , ranging from 2146 to 3145 m a.s.l. The ELA for Peyto, and other glaciers in this area, fluctuates annually. The average ELA for Peyto is reported to be between 2612 m a.s.l. (WGMS 2009 ) and 2700 m a.s.l. (Demuth and Keller 2009 ), but can be as high as 3190 m a.s.l. in warm years. Annual glacial mass balance data from Peyto Glacier were used to validate that average annual streamflow contributions from glacial melt were appropriately simulated (Table 3) . Based on the mass balance information (WGMS 2009), the annual Peyto glacial melt has been very steady between 1977 and 2004 at approximately 730 mm, with very few years significantly deviating from this value. As glaciers were not simulated individually, but were divided in glacier HRUs with specific characteristics in terms of radiation and elevation, only the mean glacier behaviour of those glaciers contained in the Cline River watershed can be simulated. The simulated glacier mass balance for all glaciers resulted in an average annual decline of 518 mm, with a gain of 570 mm in cold years, such as 1974, and a maximum decline of 4604 mm in warm years, such as 1970.
Streamflow
Observed daily streamflow time series from a Water Survey of Canada (WSC) gauging station were available for Watershed 1. In order to eliminate the effects of Lake Abraham on streamflow, the naturalized flow data provided by Alberta Environment were used, which corrected the streamflow time series for both reservoir storage and releases.
The WSC gauging station at the outlet of Watershed 1 provided observed data for 1970-2007. Consequently, the calibration of streamflow hydrographs in terms of flood peaks, recession curves, seasonality, and annual yields using the entire 1961-1990 time period was not possible. Two ACRU variables, one that represents the daily outflow observed at the outlet, and one that controls the daily proportion of groundwater flow discharged from the groundwater store, were calibrated using daily observed hydrographs in order to match both peak flows and recession curves. A further complication is the fact that the climate base station used to provide daily climate time series to the model consistently has years which exhibit an obvious mismatch between the precipitation observed at the climate station and the streamflow observed at the watershed outlet. For these reasons it was decided to calibrate streamflow for a minimum of ten consecutive years where the magnitude of precipitations from the climate station correlated with the observed streamflow, considering a typical range of runoff coefficients observed for the watershed, and where the time period selected contained at least one of the lowest and one of the highest observed peak flows in the entire observed time series. Runoff coefficients outside the typical range, defined here to be from 30-68%, which represents a deviation from the mean runoff coefficient (49%) by a factor of ±0.4, were eliminated from the verification period (Beven 2001) . Accordingly, the 1981-1992 time period was selected for watersheds 1 and 2. Once Watershed 1 was satisfactorily simulated in terms of water yields, seasonality, and general shape of the hydrographs, streamflow for the whole 1961-1990 time period was simulated and compared against observed streamflows. The entire time period was used in order to provide a simulated 30-year baseline period to be used for subsequent climate change analysis, as described in Kienzle et al. (2011) . After the ACRU set-up for Watershed 1 was considered complete, Watershed 2 was simulated and calibrated in a similar fashion. Table 4 presents the statistical analysis for daily and monthly simulated and observed streamflow data for . Total daily water yields were oversimulated by 2.6%. Mean flows were simulated well, as none of the simulated means were statistically different (p > 0.05) from the observed (Table 4 ). There are small differences in daily and monthly streamflow variances, indicating that simulation of peak and low flows were preserved. Both watersheds 1 and 2 have high coefficients of determination for daily (r 2 of 0.81 and 0.82) and monthly (r 2 of 0.89 and 0.91) simulations. Figure 8 shows scatter plots with the regression equations for both daily and monthly streamflow time series. The regression coefficient is less than unity for both daily and monthly time series, which indicates a slight under-simulation of high flows, more so on a daily than a monthly basis. The NashSutcliffe coefficients of efficiency for the two watersheds are 0.79 and 0.80 for daily, and 0.87 and 0.91 for monthly streamflow simulations, indicating a strong association between observed and simulated values. Table 4 Verification statistics for daily and monthly streamflow for both simulated watersheds In summary, the streamflow behaviour, as well as the timing and magnitudes of peak and low flows were simulated very well for Watershed 2 (Figs 9 and 10). When the whole 1961-1990 time series is evaluated, peak flows are sometimes over-simulated, sometimes under-simulated, and most often match the observed flows well. This is to be expected when climate data are transferred from a base station, which has a distance of up to 75 km to the watershed HRUs. Timing and magnitudes of baseflows show a similar pattern of over-and under-simulation as seen in the peak flows, but, generally, the overall recession curves are simulated very well. Figure 11 presents the mean seasonality of observed and simulated daily streamflow for the 1961-1990 time series. The seasonality is well replicated; however, it was slightly over-simulated in August, October and November.
DISCUSSION
Many studies that require the simulation of streamflow use only observed streamflow to verify model output or to calibrate a hydrological model (Rosso 1994 , Jewitt and Schulze 1999 , Drogue et al. 2004 , Forbes et al. 2010 . With the ability of ACRU to output many key variables in the hydrological cycle, multi-variable verification was carried out. The purpose behind the verification of multiple ACRU outputs was:
(1) to instil confidence that selected key variables other than streamflow, such as air temperature, snowpack, potential evapotranspiration, and glacier melt were reasonably simulated; (2) to reduce the uncertainty associated with sparse input data, especially climate and soils data; and (3) subsequently, to ensure that the observed streamflow is simulated based on realistic selection of those bio-physical variables that represent and govern the hydrological processes in the watershed.
The objective of this research was not to simulate daily streamflow to perfectly fit the observed hydrographs, but rather to accurately simulate mean annual water yields, as well as variance, magnitude and seasonality of streamflows to replicate the hydrological behaviour of the study watersheds under historical conditions, thus enabling the realistic simulation of future streamflow behaviour. The importance of multi-variable verification analysis is the interdependence of the variables validated. The first variable to be validated was and Watershed 2 (1961 Watershed 2 ( -1990 . The solid line is the 1:1 line, the dotted line is the slope of the regression. Then the temperature time series were compared to ten independent climate observations within the larger UNSRB, resulting in satisfactory agreement of daily temperature magnitudes (on average within 0.37 • C), seasonality (daily r 2 = 0.88, monthly r 2 = 0.98) and variance (difference of 4.8%).
Both the separation of precipitation into rain and snow and the timing of snowmelt depend on daily air temperatures. The challenges of simulating snow pack is that local conditions, influenced by snow redistribution, sun shading effects, and especially the specific land cover composition and density at the monitoring site, cannot be simulated well when only very generalized data are available for model parameterization. The comparison of simulated SWE against observed snow pillow time series revealed that some years were heavily overor under-simulated, while other years were well simulated. However, the means and variance of snow water equivalent (SWE) were preserved (Table 2) , and comparison to streamflow time series indicated that, on a watershed basis, SWE simulation errors tended to balance each other out. The simulated SWE time series also matched the observed snow course data reasonably well. Neither the SWE nor the snowmelt can be simulated to an acceptable level if the daily temperatures were not simulated correctly.
Simulated daily radiation values, based on GIS derived maximum potential incoming radiation and adjusted based on one observed daily time series, have resulted in realistic potential evapotranspiration time series, because the Penman (1948) derived potential evapotranspiration matched very well both estimates in mean annual magnitude (Hydrological Atlas of Canada 1978) and seasonality, when compared to observed values A-pan time series. As the Penman equation is commonly used to provide better estimates than pan data (Chiew and McMahon 1991) , available A-pan data were only used to confirm that the seasonality of potential evapotranspiration was simulated correctly. Radiation is also used, in combination with albedo, to derive the dynamic snowmelt and glacier melt factors. Without the correct separation of precipitation into snow and rain, and without appropriate levels of daily potential evapotranspiration and melt factors, the timing and magnitude of streamflow could not have been simulated successfully for the right reason.
Statistical comparison of simulated against observed streamflows from watersheds 1 and 2 are very acceptable for both daily and monthly time series for the 1961-1990 baseline period. The NashSutcliffe coefficient is high for both watersheds, with daily values of 0.79 and 0.80 for watersheds 1 and 2, and monthly values of 0.87 and 0.91, indicating a strong association with the observed streamflow time series. Mean annual water yields were either slightly under-or over-simulated for both watersheds and for all time series, but well within the initial simulation objective of being within 5% (Schulze et al. 2004) . The simulated streamflow regime compares favourably with the observed for both watersheds. For the entire Cline River watershed, simulated mean monthly streamflows were simulated well when compared to the observed, with slight over-simulations in August, October and November. Differences between simulated and observed variances were below 10% for Watershed 1 and below 4% for Watershed 2, indicating a realistic simulation of peak and low flows. Verification of the model was essential to be able to confidently use the model in the assessment of a range of future climate conditions (2010-2039, 2040-2069, and 2070-2099) and their impacts on the hydrological regime in the Cline River watershed (Kienzle et al. 2011) .
LIMITATIONS AND RECOMMENDATIONS
Data needed to reasonably model hydrological processes were limited in the UNSRB. Key model inputs, including land cover and soils, are generalized, and some variables, such as plant transpiration coefficients (PTCs), were nonexistent and needed to be determined to provide initial simulation parameters. The derived PTC values need to be confirmed by other studies. In general, mountain areas have poor representative climate data, typically captured at lower elevation sites, which is the case in this study. Some climate data do exist at higher elevations, but these records are short, often seasonal, and inadequate for long-term climate studies (Luckman 1998) ; however, they were used to verify temperature time series for high elevation HRUs.
This research has highlighted several data gaps that need to be filled in order to produce better and more reliable results from hydrological models in the UNSRB. Improved results can be expected when precipitation time series measured at high elevations become available. Critical bio-physical data, including detailed soils data, particularly soil texture and depth, a broad array of climate variables at different elevations, and several land cover variables such as forest densities, should be measured to improve modelling capabilities in this region.
